tively.) For typical (ICF) parameters, a classical RayleighTaylor instability would produce an unacceptably large amount of distortion in the unablated target, resulting in a degraded capsule performance with respect to the final core conditions. Thus, it is important to study the possible means for suppression of the ablation surface instability in ICE It has been recently shown that the ablation process leads to convection of the perturbation away from the interface between the two fluid^.^-^ Since the instability is localized at the interface, the ablative convection stabilizes short-wavelength modes. The typical growth rate of the ablative Rayleigh-Taylor instability can be written in the following approximate form:3 where V, is the ablation velocity and P i s a numerical factor ( 0 -3 -4 ) .
In this article we show that a properly selected modulation of the laser intensity can significantly reduce the unstable spectrum and the maximum growth rate. To treat the analytic linear stability of unsteady ablation fronts, we consider a simplified sharp boundary model consisting of a heavy fluid, with density ph, adjacent to a lighter fluid (PI), in the force field g(t) = g(t)ey in a direction opposite to the density gradient [g(t) < 0 and ey is the unit vector in the direction of the density gradient] and with an arbitrary time dependence. The heavy fluid is moving downward with velocity U h = -Vae,. . and the lighter fluid is ejected with velocity UI.
The equilibrium velocities Ul(t) and Uh(t) are both dependent on the ablation ratio per unit surface m ( t ) that is treated as an arbitrary function of time. The equilibrium can be readily derived from conservation of mass and momentum. We consider a class of equilibria with nonuniformities localized at the interface between the two fluids. Continuity of the mass flow and the pressure balance across the interface lead to the following conditions:
where Ph and PI represent the pressure of the heavy and light fluid, respectively, at the interface. Notice that UI and Uh are negative in the chosen frame of reference. We assume that the discontinuities in the equilibrium quantities can be removed by including the physics of the ablation process.
The linear stability problem can be greatly simplified by an appropriate choice of the linearized equation of state. It is widely known that the most Rayleigh-Taylor unstable perturbations are incompressible. Furthermore, ablative stabilization is a convective process and is, therefore, independent of the equation of state. It follows that the essential physics of the instability can be captured by a simple incompressible flow model. The stability analysis proceeds in a standard manner. All perturbed quantities are written as Ql = ~( y , t) exp(ikr) , and the system of equations describing the linear evolution of the perturbation assumes the following form: ----normal component of the velocity, dtfi = Ghy(y = 0, t ) . In the tions across the thin ablative layer. A short calculation yields rn(t' ) = 1 Uh( t" )dtf' + constant is the unperturbed trajectory of a Lagrangian surface. In the absence of smoothing effects, the ablation front coincides with that Lagrangian surface whose equilibrium orbit overlaps the The first of Eqs. (6) 
Since the heavy and light fluids extend to infinity and equations: the instability is localized at the interface, the perturbation must vanish at y = f-.
The solution of the linearized equation in the heavy-fluid region ( h ) is greatly simplified by the following transformation:
. A straightforward calculation leads to the following form of the perturbed variables in region h: where The next step is to recognize that, using Eqs. (7) in Eq. (5c), the interface equation can be rewritten in the following
h ( t ) , P h ( y h ) , and i i ( y h )
After substituting Eqs. (7) and (8) is derived:
We apply the same procedure to the light-fluid region (1 
is the Atwood number. For ICF applications, the appropriate ordering
To lowest order in I-A, the last term in Eq. (11) 
Equation ( 5 A . For simplicity, we assume that the ablation pressure and the ablation velocity are directly proportional to the laser intensity, and the ablation process develops on a very slow time scale compared to an oscillation period and the sound transit time through the target [V, << cs,c, is the sound speed].
Although the scaling va -fi -[I + ~s i n ( m~t ) ]~" is more appropriate than a simple linear dependence, the numerical simulations show that the ablation velocity is almost insensitive to the oscillations in the laser intensity ( A a < < 1 ) and A simple estimate of the acceleration of the ablation front can be derived by solving the one-dimensional compressible fluid equations of Ref. 6 for a target accelerated by the ablation pressure. As shown in Appendix B, the timedependent acceleration can be written in the following form:
where (1) and (19), the short-wavelength modes are stabilized by convection, and the cutoff wave number is kc = g~/~2~i . It follows that an efficient dynamic stabilization can be achieved by choosing values of q and q that cause the first DS region to be located inside the interval 0 < k < kc. In Fig. 57.3 , the growth rates derived from Eq. (19) for q = 0, 2.5, and 3.5 and P = 3.5 (as given by Takabe et ~1 .~) are shown. Observe that as q increases, a better stabilization is induced at longer wavelengths, but shorter wavelengths can be destabilized (q = 3.5). This short-wavelength instability is driven by the oscillations in the acceleration, with the perturbation having the characteristic structure of an oscillatory mode with an exponentially increasing amplitude. For convenience, we denote these short-wavelength modes as "parametric instabilities." Furthermore, when the mode wavelength is smaller than the density gradient scale length The results of the analytic theory have been compared with two-dimensional simulations obtained using the code ORCHID.* We have considered an 18-pm CH planar target irradiated by a uniform laser beam of wavelength 1.06 pm. The laser intensity is modulated in time with a period of 0.3 ns. The modulation amplitude is 100%, and the flat-top average intensity is 50 T W / C~~. For an accurate comparison with the analytic stability theory. we derive the equilibrium parameters g, (v,) . and q from the one-dimensional code LILAC.^ The result is g = 4.5.10" c m / s 2 , (v,) = 7. lo4 c m / s , 6 1 1.5 to 2 p m , q?~ = 0, and q = 3.5 to 5.5. In the twodimensional simulation, an initial single-wavelength perturbation evolves for 3 ns. Because of the short modulation period, the simulation shows no significant change in the foil isentrope with respect to the unmodulated case. Observe that for A = 2 n l k = 7 p m the mode is completely stabilized. (3) The short-wavelength region is defined as having a wave number k > 1. In this region k6 > 1 and the effect of finite density-gradient scale length cannot be neglected. Notice that the simulation shows the presence of an unstable mode with wavelength A = 5 pm. Using Eq. (19) beyond its limit of validity (k6 < 1) and dividing yz by (1+ 8k6) with 6' < 1, we would predict the existence of parametric instabilities at shorter wavelengths (Fig. 57.4) . However, the structure of the perturbation observed in the numerical simulation does not clearly show the characteristics of a parametric instability. Furthermore, the cutoff wave number observed in the numerical simulation (with or without laser-intensity modulation) is much shorter than the one predicted by Eqs. (1) and (19) . The stability of veryshort-wavelength perturbations needs further investigation to determine an accurate value of the cutoff wave number.
The dynamic stabilization of the Rayleigh-Taylor instability in ICF targets was first observed in numerical simulations by J. or is.^ In this article we have shown the derivation of the linear stability theory for unsteady ablation fronts and the conditions forthedynamic stabilization of the ablative RayleighTaylor instability. The growth rate of the instability has been calculated for a sinusoidal modulation of the laser intensity. It is shown that an appropriate modulation frequency and amplitude can stabilize a large portion of the unstable spectrum and significantly reduce the maximum growth rate. 
APPENDIX A: CONDITIONS FOR
where I is the power deposited at the ablation front. Observe that the latter can also be derived from the incompressibility condition (V . v = 0 ) integrated across the ablative layer. Thus, the assumption of incompressible flow holds at the ablation front as well as at the two uniform regions on both sides of the interface when the Mach number is much less than = p g . v + 1 6 ( y -i j ) , (A.3) unity. i.e., the flow is subsonic.
APPENDIX B: UNSTEADY EQUILIBRIUM OF AN ACCELERATED TARGET
The time evolution of the equilibrium of a planar target accelerated by an externally applied pressure P,(t) can be obtained by solving the one-dimensional fluid equations of Ref. 6 . In ICF the accelerating pressure is induced by the laser irradiation. In order to simplify the calculation, we rewrite the fluid equations in a Lagrangian frame, and we neglect the reduction of the target thickness due to ablation. 
